Lattice diffusion and surface segregation of B during growth of SiGe heterostructures by molecular beam epitaxy: Effect of Ge concentration and biaxial stress
1 but due to its unparalleled ability to control layering at the monolayer level and compatibility with surface-science techniques to monitor the growth process as it occurs, its use has expanded to other semiconductors as well as metals and insulators. 2, 3 Epitaxial growth, a clean ultra-high vacuum deposition environment, in situ characterization during growth, and the notable absence of highly energetic species are characteristics that distinguish MBE from other thin film methods used to prepare epitaxial oxides. These capabilities are key to the precise customization of oxide heterostructures at the atomic layer level. In addition to molecular beams emanating from heated crucibles containing individual elements, molecular beams of gases may also be introduced, for example, to form oxides or nitrides. This variant of MBE is known as "reactive MBE" 4 in analogy to its similarity to "reactive evaporation," which takes place at higher pressures where well-defined molecular beams are absent.
The use of reactive MBE to grow multicomponent oxides dates back to 1985, when Betts and Pitt used it to grow LiNbO 3 films. 5 Although these authors succeeded in achieving epitaxial LiNbO 3 films, after publishing two papers, 5, 6 they left the field they had started, never to return. This has perhaps more to do with their choice of compound-LiNbO 3 is notoriously difficult to grow 7 -than oxide MBE itself. Spurred by the discovery of hightemperature superconductivity, 8, 9 oxide MBE has since been used to grow the oxide superconductors DyBa 2 Cu 3 O 7−δ , [10] [11] [12] [13] The configuration of a MBE system for the growth of multicomponent oxides differs in several important ways from today's more conventional MBE systems designed for the growth of semiconductors. The major differences are the required presence of an oxidant species, more stringent composition control, and more pumping to handle the oxidant gas load.
To oxidize the elemental species reaching the substrate to form the desired multicomponent oxide, a molecular beam of oxidant is used. The tolerable pressure of this oxidant is limited so as not to destroy the long mean free path necessary for MBE. The maximum pressure depends on the MBE geometry, the element to be oxidized, and the oxidant species used, but oxidant pressures lower than about 10
Torr are typically required for MBE. 29 While molecular oxygen has been used for the growth of oxides that are easily oxidized, 5, 6, 32, 33, [43] [44] [45] [46] [47] 51, [58] [59] [60] oxidants with higher activity are needed for the growth of ferroelectrics or superconductors containing species that are more difficult to oxidize, e.g., bismuth-, lead-, or copper-containing oxides. For this purpose, purified ozone 13 have been successfully employed. Distilled ozone is explosive, but distillation utilizing a silica gel can contain it relatively safely. 67 Indeed, this has become the technique 25 used by all commercial MBE companies to supply distilled ozone for their oxide MBE systems.
Composition control is another significant challenge for oxide MBE; 29 improvements in composition control have led to significant progress in customizing oxide structures, perfecting superlattices, and achieving improved properties. The use of atomic absorption spectroscopy for oxide MBE composition control has allowed fluxes to be measured with an accuracy of better than 1%. [68] [69] [70] [71] [72] [73] [74] [75] In situ RHEED oscillations during the shuttered MBE growth of multicomponent oxides has also been shown to provide a means to accurately calibrate fluxes.
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A particularly powerful means of composition control utilizes thermodynamics to provide an adsorption-controlled regime in which excess volatile species are supplied and reevaporte to yield automatic composition control. Such growth conditions are analogous to the way in which III-V and II-VI compound semiconductors are routinely grown by MBE. [77] [78] [79] [80] [81] [82] [83] [84] Adsorption-controlled growth conditions for oxide MBE have been identified for numerous complex oxides containing volatile constituents including PbTiO 3 , 
